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High-Molecular-Weight Polyethylene Glycol Enhances Hypothermic Storage of Feline 
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ABSTRACT. Phosphate-buffered sucrose (PBSc) solution is effective for short-term hypothermic preservation of tissue during feline kid-
ney transplantation. A high-molecular-weight polyethylene glycol (35,000 Da, PEG35) reportedly enhanced the protective effects against 
cold-induced tubular injuries in animal kidney transplantation models. We investigated the ability of PBSc solution containing PEG35 to 
preserve cultured feline kidney cells using in vitro WST-8 cell proliferation assays. PEG35 significantly improved cell viability during 24 hr 
of cold preservation. PBSc containing 20 g/l PEG35 achieved an effect almost equal to that of University of Wisconsin (UW) solution, the 
gold standard preservation solution used in human clinical kidney transplantation, for up to 24 hr of preservation. Our results suggest that 
PBSc containing PEG35 provides an excellent medium for graft cold storage during feline kidney transplantation.
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Hypothermic storage using a preservation solution is ef-
fective for preventing ischemia and reperfusion injuries of 
the donor graft. In small animal surgery, this may allow se-
quential donor organ harvesting and transplant surgeries by 
a single surgical team. Phosphate-buffered sucrose (PBSc) 
solution achieves superior results in short- and medium-term 
renal preservation (up to 5 hr) in cats [18]. However, PBSc 
may not effectively protect against cold ischemic injury in 
a feline renal autotransplantation model [26]. University of 
Wisconsin (UW) solution, used as the gold standard pres-
ervation solution in human clinical kidney transplantation, 
may be applied [18]. UW solution is high in potassium 
ions and low in sodium ions and maintains the intracellular 
ionic balance. High potassium contents in the solution may 
increase the risk of cardiac arrhythmias after reperfusion of 
the graft in small animals, such as the cat. In addition, an 
intracellular type solution including high potassium levels 
may induce vasoconstriction which impairs organ perfu-
sion during washout and reperfusion [22–24]. Therefore, 
an alternative storage solution with a simple extracellular 
composition should be developed for use in feline kidney 
transplantation.

Polyethylene glycol (PEG) is a neutral, water-soluble, 
non-antigenic polymer that serves as a colloid in organ pres-
ervation solutions [10]. PEG can protect renal tubule cells 
against cold injury by reducing osmotic cell swelling and 
prevent lipid peroxidation [4, 12, 16]. PEG also prevents 
ischemia and reperfusion injury induced inflammation by 
creating a barrier that prevents recognition of allogenic sites 
on cell membranes by the immune system [10, 21]. Fuller et 
al. [8] reported that PEG supplementation to sucrose based 
cold storage solution could reduce ischemia and reperfusion 
injury in a rabbit renal transplantation model. Protective 
effects of high molecular weight PEG 20,000 Da (PEG20) 
against cold ischemia and reperfusion injury were revealed 
in animal kidney transplant models [5–7, 11, 28]. PEG20 
supplemented low potassium extracellular type solution 
was reported to preserve the kidney from inflammatory cell 
infiltrates, MHC class II and VCAM-1 overexpressions and 
occurrence of renal interstitial fibrosis in a pig kidney auto-
transplantation model [11]. Dutheil et al. [4] demonstrated 
that higher-molecular-weight PEG 35,000 Da (PEG35) com-
pared with PEG20 enhances the protective effects against 
cold-induced tubular injuries in pig kidney cells and trans-
plantation models.

The aim of this study was to evaluate the effect of high-
molecular-weight PEG35 on hypothermic storage of feline 
kidney cells. We investigated whether the addition of PEG35 
to a simple extracellular type storage solution, PBSc, af-
fected cell viability following cold preservation up to 24 hr 
compared to PBSc alone and the standard UW solution.

Crandell-Reese feline kidney (CRFK) cells [3] were 
grown in Dulbecco’s modified Eagle’s medium (D-MEM; 

*CorrespondenCe to: Katayama, M., Division of Small Animal 
Surgery, Co-Department of Veterinary Medicine, Faculty of 
Agriculture, Iwate University, 3–18–8 Ueda, Morioka, Iwate 
020–8550, Japan. e-mail: masaaki@iwate-u.ac.jp

©2014 The Japanese Society of Veterinary Science
This is an open-access article distributed under the terms of the Creative 
Commons Attribution Non-Commercial No Derivatives (by-nc-nd) 
License <http://creativecommons.org/licenses/by-nc-nd/3.0/>.

http://creativecommons.org/licenses/by-nc-nd/3.0/


M. KATAYAMA ET AL.924

Wako, Osaka, Japan) with 10% fetal bovine serum, 100 U/
ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml am-
photericin B in a humidified atmosphere of 5% carbon diox-
ide at 37°C. CRFK cells (4.0 × 105/ml) in 10% fetal bovine 
serum-supplemented D-MEM were plated on 96-microwell 
plates (Corning Inc., Corning, NY, U.S.A.) and incubated 
until confluence in a humidified atmosphere of 5% carbon 
dioxide at 37°C. The culture medium was then discarded. 
After 2 washes with warm phosphate-buffered saline (Wako, 
Osaka, Japan) solution, cells were incubated for 3, 6, 9, 12, 
15 and 24 hr at 4°C in 100 µl of UW (Viaspan®, Astellas, 
Tokyo, Japan) and PBSc containing 0–40 g/ml PEG35 (Sig-
ma-Aldrich Co., St. Louis, MO, U.S.A.). The PBSc storage 
solution contained 1,000 U/l heparin, 53.6 mM Na2HPO4, 
15.5 mM NaH2PO4 and 140 mM sucrose (pH 7.2). The UW 
solution consisted of 25 mM KH2PO4, 5 mM MgSO4, 100 
mM lactobionate, 30 mM raffinose, 3 mM glutathione, 5 
mM adenosine, 1mM allopurinol and 50 g/l hydroxyethyl-
starch (pH 7.4).

In this study, cell viability was assessed using a 
4-[3-(2-methoxy-4-nitrophenyl)-2-(−4-nitro-phenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate sodium (WST-8) Cell 
Counting Kit (Dojindo, Osaka, Japan), which is a modified 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay method. WST-8, as compared to the con-
ventional MTT method, produces a highly water soluble 
formazan dye and is stable and sensitive for measuring cell 
viability. For the WST-8 assay, 10 µl of cell Counting Kit 
solution were added to 100 µl of medium per well on the 
assay plate and incubated for 4 hr at 37°C. Sample absor-
bance at 450 nm was measured using a microplate reader 
(ARVO™MX, 1420 Multilabel Counter, Perkin Elmer, 
Waltham, MA, U.S.A.). The blank value was the absorbance 
of the solution without the sample. Cell viability in each well 
was expressed as the percentage of viable cells compared to 
the warm control. Three wells were used for each sample 
solution per experiment, and each experiment was repeated 
three times.

All data are presented as means ± standard deviation 
(SD) and compared for statistical significance using vari-
ance analysis followed by Tukey-Kramer test for multiple 
comparison tests. A P value less than 0.05 was considered to 
indicate a significant difference.

Various doses of PEG35 in PBSc were tested to investi-
gate the effect on cell preservation. The proportions of viable 
cells after 24 hr of cold storage were 6.3 ± 1.3%, 18.6 ± 
5.5%, 42.0 ± 5.3%, 38.7 ± 3.7%, 40.1 ± 10.4%, 54.7 ± 6.2% 
and 45.2 ± 6.2% in PBSc supplemented with 0, 0.5, 1, 5, 10, 
20 and 40 g/l PEG35, respectively (Fig. 1). The addition of 
PEG35 significantly improved cell viability compared with 
PBSc alone (P<0.01). The addition of 20 g/l PEG35 signifi-
cantly prolonged cell survival compared with 0.5, 1, 5 and 
10 g/l PEG35 (P<0.01). The effect of supplementation with 
40 g/l PEG35 was not significantly different from the effects 
of 1, 5, 10 and 20 g/l PEG35.

The protective effect of PBSc supplemented with 20 g/l 
PEG35 was compared to those of PBSc alone and UW solu-
tion for up to 24 hr (Fig. 2). No differences were observed 

between PBSc with 20 g/l PEG35 and UW solution. The ad-
dition of 20 g/l PEG35 to PBSc significantly increased cell 
viability at 3, 12, 15 and 24 hr compared with PBSc alone 
(P<0.01, P<0.05, P<0.05 and P<0.01, respectively). UW 
solution also significantly improved cell viability compared 
to PBSc alone at 3, 6, 12 and 24 hr (P<0.01, P<0.05, P<0.01 
and P<0.01, respectively).

Cold storage of organs at 4°C plays an important role 
in organ transplantation. However, cold storage allows the 
prolongation of ischemic condition which seriously damages 
organs. Cold ischemic injury is known to be associated with 
malfunction of osmoregulation, energetics and metabolism 
[1]. Both intra- and extra-cellular type solutions have been 
developed to reduce this serious injury. UW solution is the 
current gold standard commercial storage solution used for 
human transplantion and is classified as an intracellular so-

Fig. 1. Dose effect of PEG35 supplemented in PBSc on 24 hr 
cold preservation of feline kidney cells. Values are presented 
as means ± sd. a) Significantly different from PBSc alone 
(P<0.01). b) Significantly different from PBSc supplemented 
with 20 g/l PEG35 (P<0.01).

Fig. 2. Cell protective effect of PBSc supplemented with 20 g/l 
PEG35 compared with PBSc alone and UW solution for up to 
24 hr. Values are presented as means ± sd. a) P<0.01, b) P<0.05 
compared with PBSc alone.
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lution because of the high potassium concentration, which 
prevents the increase in intracellular Ca2+ during ischemia 
[1, 17]. It was reported that UW solution could preserve al-
lograft kidneys for up to 7 hr in cats [18]. However, a high 
potassium concentration induces cellular depolarization, 
accelerates the decrease in cellular ATP level and activates 
voltage-dependent channels, such as calcium channels. The 
consecutive calcium influx results in cellular damages [22, 
24]. A potassium concentration greater than 20 mM/l is a 
potent stimulus for vasoconstriction, impairing organ perfu-
sion during washout and reperfusion [23, 25].

Recently, extracellular solutions have shown equal or 
greater preservative effects compared to intracellular solu-
tions [15]. Faure et al. [7] demonstrated that extracellular 
type solution greatly improved the glomerular filtration rate 
of the autotransplanted pig kidney. Although simple extra-
cellular type PBSc solution has been used to reduce cold 
ischemic injury of allograft kidney in clinical feline renal 
transplantation [18], our findings showed that PBSc was 
much less effective than UW solution even for short-term 
cold storage (3 hr). We report here that supplementation of 
PEG35 in PBSc protects cultured feline kidney cells against 
damage caused by hypothermic storage by mimicking organ 
preservation conditions. The WST-8 assay demonstrated that 
PBSc containing 20 g/l PEG35 was at least as effective as 
UW solution. Therefore, simple extracellular solutions, such 
as PBSc containing PEG35, represent an alternative for cold 
storage of grafts for feline kidney transplantation.

The PEG molecules has interesting properties in the con-
text of organ preservation. PEG increases oncotic pressure, 
limiting the deleterious effects of edema [9, 10]. It is suf-
ficiently adsorbed to the cell membrane surface to stabilize 
membrane lipids and induce immunocamouflage of antigenic 
sites, enhancing the immunoprotection of donor tissues and 
organs [21]. PEG inhibits or reduces oxidative stress by pre-
serving and restoring cell membrane integrity, resulting in 
protection against reactive oxygen species (ROS) produced 
during ischemia [4]. Dutheil et al. [4] demonstrated that ROS 
generation was significantly reduced by the addition of high-
molecular-weight PEG35 at concentrations greater than 1 g/l 
during cold storage of porcine kidney cells. In this study, 
PEG35 concentrations greater than 1 g/l, especially 20 g/l, 
significantly increased the viability of feline kidney cells. In 
addition, PEG significantly reduced MHC class II expres-
sion in epithelial tubule cells and the number of CD4+T 
cell infiltrates and limited the infiltration of macrophages/
monocytes and progression of interstitial fibrosis in the 8 to 
12 weeks after surgery in a pig renal autotransplantion model 
[11]. Further investigations regarding the mechanisms of the 
protective effects of PEG on feline kidney cells are required.

The effects of storage solutions must be confirmed by 
evaluating its ability to preserve real organs in animal mod-
els. However, the study using a monolayer cell model may 
be recommended before trials using experimental animals 
for humane reasons and the possibilities of unidentified fac-
tors influencing the results. The advantage of a monolayer 
cell model is the generation of highly reproducible data due 
to the identical characteristics of the cultured cells. Also, it 

is easier to analyze and readjust the solution composition. 
Cultured cells have been used in many studies [4, 13, 20]. 
Therefore, a feline kidney cell monolayer model was ad-
opted in this report.

Although our results demonstrated the possibility of 24-hr 
cold preservation of kidney cells using PEG35 in PBSc, the 
feasible duration of hypothermic preservation of real feline 
kidneys remains to be determined. Estimation of preserva-
tion time from other animal species should be avoided, 
because of interspecies differences [2, 14, 19, 27].

In conclusion, PEG35 significantly improved feline 
kidney cell viability in a dose-dependent manner. PBSc 
containing 20 g/l PEG35 exhibited a cold preservation effect 
almost equal to that of UW solution. Further research should 
focus on confirming the effects of PBSc supplemented with 
PEG35 on ischemia and reperfusion injury in a feline kidney 
transplant model.
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